Abstract. Esophageal cancer is the eighth most common malignant tumor worldwide, and the number of incidences of esophageal adenocarcinoma is increasing in the Western world. Despite improvements in perioperative treatment, the overall survival rate of patients with esophageal adenocarcinoma remains poor. Breast cancer type 1 susceptibility protein (BRCA1)-associated protein (BAP1) is located on chromosome 3p21, and it is an enzyme with ubiquitin carboxyl hydrolase activity that regulates cell growth. It interacts with BRCA1, and the nuclear localization of BAP1 is required for its tumor suppressor function. BAP1 is frequently mutated in uveal melanomas, malignant mesothelioma and several carcinomas, including a subtype of renal cell carcinoma, intrahepatic cholangiocarcinoma and squamous cell carcinoma of the esophagus. Furthermore, several germline-associated mutations of tumors have been described (BAP1 hereditary cancer syndrome). However, the importance and frequency of BAP1 alterations in adenocarcinoma of the esophagus remain to be elucidated. In the present study, tissue microarrays of 332 resected adenocarcinomas (including a few cases of concomitant Barrett dysplasia) of the esophagus were constructed. The tumor tissue was analyzed using immunohistochemistry to investigate the levels of BAP1 expression. Fibroblasts or inflammatory cells served as an internal positive control. Three adenocarcinomas revealed nuclear loss of BAP1 (0.9%). One case with concomitant Barrett dysplasia also exhibited a loss of BAP1. Of the resected adenocarcinomas, 329 of them exhibited an intact and uniform strong nuclear staining pattern. To the best of our knowledge, this is the first description of BAP1 deficiency in adenocarcinomas of the esophagus. Furthermore, it has been demonstrated that BAP1 loss is possibly an early event in esophageal adenocarcinoma. These results warrant further functional and clinical evaluation.
Introduction
Esophageal cancer is the eighth most common malignant tumor worldwide, and the number of incidences of esophageal adenocarcinoma is increasing in the Western world (see http://www .wcrf.org). The majority of adenocarcinomas arise from Barrett metaplasia due to chronic reflux disease, followed subsequently by an accumulation of different mutations causing genetic instability (Barrett multistep carcinogenesis) (1, 2) . Frequently patients present with a locally advanced tumor stage. Despite improvements in perioperative treatments, the overall survival rates of patients with esophageal adenocarcinoma remain poor.
Breast cancer type 1 susceptibility protein (BRCA1)-associated protein (BAP1) is located on chromosome 3p21, and is an enzyme with ubiquitin carboxyl hydrolase activity that is involved in regulation of cell cycle and transcription, as well as in double-stranded DNA repair (3) (4) (5) . It binds BRCA1 and acts as a tumor suppressor by forming a complex with BRCA1 (6). Missense or truncating mutations lead to loss of nuclear localization and deubiquitinating activity, which are essential for BAP1 tumor suppressor function. BAP1 analysis using immunohistochemistry (IHC) offers a cost-effective, fast and reliable method for the evaluation of BAP1 status, as a loss of nuclear expression correlates very well with biallelic inactivation of BAP1 (7) (8) (9) . BAP1 frequently exhibits inactivating mutations in uveal melanoma with high metastatic risk, malignant mesothelioma and other carcinoma types, including a subtype of renal cell carcinoma and intrahepatic cholangiocarcinoma (4, (10) (11) (12) (13) (14) (15) . In squamous cell carcinoma of the esophagus, BAP1 nuclear expression was shown to be reduced in 44% of cases (16) that predisposes to the development of uveal melanoma, cutaneous melanoma, renal cell carcinoma, and malignant mesothelioma (18) (19) (20) (21) . The importance and frequency of BAP1 loss in adenocarcinoma of the esophagus have yet to be elucidated. The aim of the present study was to investigate the loss of BAP1 in adenocarcinomas of the esophagus, and it is demonstrated that BAP1 loss is possibly an early event in esophageal adenocarcinoma, a result that warrants further functional and clinical evaluation.
Patients and methods
Patients and tumor samples. In this retrospective study, 332 esophageal adenocarcinomas, including several cases with concomitant Barrett dysplasia, that underwent primary surgical resection or resection following neoadjuvant therapy were analyzed. The patient characteristics are presented in Table I . For tissue microarrays (TMAs), two tissue cores from different areas of each tumor were punched out and transferred to a TMA recipient block. TMA construction was performed as previously described (22, 23) . In brief, tissue cylinders, each with a diameter of 1.2 mm, were punched from selected tumor tissue blocks using a self-constructed semi-automated precision instrument and embedded in empty recipient paraffin blocks. Sections (4 µm-thick) of the resulting TMA blocks were transferred to an adhesive coated slide system (Instrumedics, Inc., Hackensack, NJ, USA) for IHC analysis.
IHC analysis. IHC was performed on TMA slides using the primary mouse anti-BAP1 monoclonal antibody (cat. no. SC-28383; dilution 1:100; Santa Cruz Biotechnology, Santa Cruz, CA, USA). IHC stainings were performed using the Ventana BenchMark stainer (Roche Diagnostics, Mannheim, Germany) according to the manufacturer's protocol and an additional amplification kit (OptiView; Ventana, Roche Diagnostics GmbH, Mannheim, Germany) to increase the staining intensity of the antibody. BAP1 staining was evaluated by two pathologists independently (A.Q. and H.L.).
Procedures were followed as outlined in accordance with ethical standards formulated in the Helsinki Declaration 1975 (and revised in 1983), with pre-approval granted by the Ethics Committee at the University Hospital, University of Cologne, Cologne (ref. no.: 09-232).
Results
IHC analysis. BAP1 IHC on TMA slides, which included all of the 332 esophageal adenocarcinomas, was performed. Fibroblasts or inflammatory cells served as an internal positive control. Tumors were considered to be BAP1 negative only if all the neoplastic cells exhibited a complete nuclear loss of expression, while the internal control was positive. Three out of the 332 adenocarcinomas demonstrated nuclear loss of BAP1, amongst which was one case with a concomitant Barrett dysplasia that also exhibited loss of BAP1 in the dysplasia (0.9%) (Fig. 1) . In these cases, IHC was repeated on whole sections with an identical negative staining pattern. A total of 329 out of 332 adenocarcinomas revealed an intense and uniform nuclear staining pattern (Fig. 2) .
Discussion
Inactivating mutations of BAP1 are associated with various malignancies, including squamous cell carcinomas of the esophagus (16) . In the majority of cancer types, BAP1 mutations are associated with advanced tumor stages and poor prognosis (24) . Malignant mesothelioma harboring BAP1 mutations are associated with a markedly improved prognosis compared with wild-type BAP1 mesotheliomas. BAP1 mutations in malignant mesothelioma appear to be an early event in carcinogenesis, which may impair the carcinogenic damage of smoking, thereby exerting a strong genetic-environmental effect (11, 24) .
To the best of our knowledge, the present study provides the first description of BAP1 function in adenocarcinomas of the esophagus. In contrast with squamous cell carcinomas of the esophagus, where 44% of cases showed a reduced expression of BAP1 (16), it was possible to demonstrate that BAP1 loss is a rare event, since three cases with a loss of BAP1 expression were identified out of a total of 332 esophageal adenocarcinomas. Furthermore, it was possible to show that BAP1 loss is potentially an early event in esophageal adenocarcinoma, since the loss of BAP1 in one adenocarcinoma and its precursor lesion of Barrett high-grade dysplasia was detected. On the other hand, the loss of a functional alteration of BAP1 in intraepithelial preinvasive neoplasia may lend support to an argument for the importance of BAP1 loss in this particular tumor specimen, supporting an environmental influence on carcinogenesis. The findings of the present retrospective analysis underline the results of sequencing analyses [e.g., The Cancer Genome Atlas (TCGA), provisional for adenocarcinoma of the esophagus], which revealed deletion Table I . Clinicopathological features of the 322 arrayed esophageal adenocarcinomas. vs. mutation of BAP1 in 1.6 vs. 2.1% of cases (see http://www. cbioportal.org).
In conclusion, the present study has demonstrated that mutations of BAP1 are a rare and early event in esophageal adenocarcinomas. 
